This work is the outgrowth of research related to supersonic oxygen nozzles used by the steel industry in the basic oxygen process of steelmaking. The nozzles used in that research were generally converging-diverging nozzles operating reasonably close to their design point. In several tests wide variations in thc rate of jet spread and decay were uncxpectedly encountered when only slight changes in the iiozzle stagnation pressure were made. Figure 1 demonstrates the problem under coiisideration here. In this graph the values of impact pressure, a s measured on the jet axis 72 in. downstream of the nozzle exit, are plotted versus the nozzle inlet stagnation pressure. impact pressure generally increases with nozzle stagnation pressure, as expected, but at many points the impact pressure drops precipitously without any apparent reason. Separation within the nozzle could not he the cause at nozzle stagnation prcssures above the design point of 100 psig.
The possibility of changes in the shock structure causing the erratic performance demonstrated by Fig. 1 was also investigated. Sixteen millimeter motion pictures were taken of the shadowgraphs occurring during a nozzlc test in which the stagnation pressure was gradually r educed from 200 psig to 70 psig. Three f r a m e s of that movie have been reproduced and are shown in Fig. 2 . The three shadowgraphs of Fig. 2 correspond to points "a", "b", and "e" , rcspectively,
of Fig. 1 . It is clear that the shock structure i n the "b" frame of Fig. 2 is not significantly different from that in either the "a" o r the "c" frame.
A slow but uniform progression in thc shock structure is evident as the nozzle stagnation pressure increases from 137 to 154 psig, but there is nothing in the "b" frame which provides an explanation for the more rapid decay of jet velocity.
In an effort to further investigate this anornalous behavior, several small supersonic nozzles of 1/4 to 1/2 in. throat diameter were fabricated and tested. The initial tests, however, did not reproduce the anomalous behavior, s o attempts were made to establish conditions which would # i *The support of thc McLouth Steel Corporation f o r this work is gratefully acknowledged. The assistance of associates within the Gas Dynamics Laboratories is also appreciated.
stag'intioi.~. pressu.re was va.ried. A t cerlain pressnrcs the jet appe:ired t o he p:irticuiarly susccpl--ihle to di.slurbances k j reflected sound !vxvos.
One sucli p r e s s u r e w8.s 124 psig. 
: but wiien the board was held near t h e it at aimiii 45* lo 1:he c!ownstrca.in jet asi.s, t!io clonm:iti.ea.m velocity on 'the j a t axis was mark-. cidly i.odut:er:i at. ecri;lin operating conditions. lli-idi?;. these ;:oiidiiions, a high pitched s c i~e~x h coiild be iic~i.i~i over tlie jc!t noise. Fig. 3 The work of both Brown and Savic was limited to subsonic and initially laminar jets. Also, they considered only sound waves which were directed toward the jet from some external source. It would not seem that the results of the work by Brown and Savic would apply directly to the jet studies covered by the present report since in the present studies, (a) the Reynolds number based on nozzle diameter was typically on the order of one. million, (b) there were no external sources of sound waves, and (c) the jet was initially supersonic.
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A study by Powell' of the sound produced by the jet from a choked two-dimensional nozzle led to the conclusion that a "Screech" was created and that the frequency of the screech was related to the length of the shock cells within the jet. Powell found that the strongest radiation of the screech frequency was in an upstream direction from a source which was seemingly within the fourth shock cell in the jet. Also, the sound waves generated on the two sides of a two-dimensional jet were antisymmetric.
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Powell extended his study4 to choked converging axially symmetric nozzles with similar results. He developed general relations between screech frequency and operating conditions, but these relations did not account for the fact that while the screech frequency varied steadily with pressure over several ranges, discrete jumps in frequency occurred at certain pressures. 3. cells, and the emission from the jet is fixed by the coupling of successive shock cells.
The sound waves generated by those sources a r e propagated upstream (outside the jet) and create disturbances in the jet near the nozzle exit.
These disturbances travel downstream and appear to develop into vorticies some distance downstream of the nozzle exit. Seemingly these vorticies are sometimes really one long vortex whose axis forms a spiral around the jet; either right or left handed spirals may be formed. At other times the vorticies may be in the form of a toroid. an axisymmetric jet is usually unstable to some extent.
The research reported on in Refs. 3, 4, and
The emission from 5 was concerned with the source and nature of those tones (as opposed to overall noise) which are emitted by supersonic jets under certain conditions. In none of these cases was the exact mechanism of the source of the sound waves defined, although the nature of the feedback loop was discussed and expressions were developed which related frequency to cell size and operating conditions. Also, none of these references presented any information regarding the effects of these emitted sound waves (tones) on the rate of jet decay, the subject of the present research.
6
The work by Hammitt comes closer to dealing with the problem of jet decay than any of the other references found. Hammitt worked with two-dimensional, overpressure sonic nozzles, using a spark schlieren system and microphones.
He found that the interaction of the sound waves with the jet, near the base of the jet, affected the h o c k structure within the jet, but he did not measure the effect on jet spread and decay.
The preliminary tests discussed here have demonstrated that the rate of spread and decay of a supersonic jet could be appreciably increased by acoustic feedback. Many of the references cited discuss the existence and nature of acoustic feedback. A series of further tests was required to provide an indication of the magnitude of these acoustic feedback effects.
Experiments
During most of the tests with smaller nozzles (1/4 to 1/2 in. throat) the stagnation temperature of the air was maintained within about 1°F of the room air temperature, which was held near 70°F.
The plenum chamber pressure and temperature were recorded during each Lest. Within the jet the local stagnation pressure and'stagnation temperature were measured simultaneously by means of a calibrated combination total pressure-total temperature probe. This probe was slowly moved a c r o s s the jet o r along the axis of the jet by means of a small lathc with automatic feed. travelled at a rate of 0. 015 in. /sec and i t s position was correlated with the p r e s s u r e and temperature recorders. An 8 in. schlieren/shadowgraph s y stem was used as needed and oscilloscope records were made of the sound wavcs picked up by a microphone.
The probe T e s t s of converging nozzles a t stagnation p r e ss u r e s above the critical p r e s s u r e showed that wide variations in the rate of jet spread and decay were possible with converging nozzles as well as with converging-diverging nozzles. The following r esults were obtained using a converging nozzle having a throat diameter of 1/2 in. A constant a r e a throat section about 1/2 in. long followed the converging part of the nozzle. The nozzle and plenum system structure inadvertently presented various surfaces which acted as acoustic reflectors. In a n attempt to reduce this reflection the entire plenum chamber and nozzle were wrapped with Fiberglas insulation. Only the nozzle exit and the immediately surrounding portion of the nozzle were not covered. Curve No. Curves 111, IV, and V of Fig. 5 were obtaincd by placing a n insulation (sound absorbing) baffle which was perpendicular to the jet axis at diffcrent axial positions w2h the jet passing through a hole in the baffle. The hole diameter was somewhat g r e a t e r~t h a n~t h e local jet diameter. effects of the various configurations of insu1:iting material a r e quitc pronounced over most of thc p r e s s u r e ranges tested.
The
Shadowgraph pictures were taken of the jet a t various conditions and in particular at conditions corresponding to points (a) and (b) of Curvcs I1 and I, respectively, of Fig. 5 . These pictures are shown in Fig. 6 . The effects of the acoustic feedback on the shock structure are indicated by the more rapid degeneration of the shock structure in Fig. 6(b) . Measurements were made to determine the frequency and relative intensity of the jet noise at tone was present i n those cases where the jet de- Since it was not considered practical to establish a "typical" intermediate reflector-absorber system, it was der.ided that only the two extremes would be investigated further. Two s e r i e s of further tests were planned. In one series the acoustic effects were maximized by appropriate positioning of a metal reflecting surface upstream of the nozzle; this series is referred to simply as the "No Insulation" series. In the other series the acoustic effects were minimized by properly positioning a Fiberglas baffle; this s e r i e s is referred to as the "Insulation" series.
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Before choosing a particular reflector configuration for the "No Insulation" s e r i e s of tests, several different ones were tried. A s one extreme a nearly hemispherical reflector about 8 in.
in diameter was employ&. In these tcsts the r eflector was centered on the nozzle s o that the inner surface of the hemisphere faced downstream, thus tending to reflect sound waves from the downstream portions of the jet back iuto thc jet near the nozzle exit. Tests made with this reflector resulted i n a n impact pressure curve which was somewhat lower at some nozzle pressures than Curve I of Fig. 5 . In spite of this it was decided to make the "No Insulation" tests with a flat s u rface reflector, since the difference between the effects of the hemispherical and the flat reflector was not great and the flat reflector represented a somewhat more universal shape than did some arbitrary hemisphere. The flat reflector was fittcd around the nozzle and positioned upstream of the nozzle exit.
Since particular frequencies a r e involved i n this acoustic feedback problem, it would seem that by the suitable positioning of the reflector (e. g . , the hemisphere o r the flat disk) the acoustic effects could be minimized as well as maximized. In fact, however, no combination of r eflector slrape and position was ever found which was as effective as the Fiberglas insulation (absorber) in minimizing the acoustic feedback. This is presumably due, in part, to the fact that the acoustic feedback is not limited to only one frequency at a time, even though one frequency may appear to be dominant f o r a given s e t of operating conditions and configurations.
It should be noted that, while the "Insulation" tests were meant to demonstrate the minimum acoustical feedback effects and the "No Insulation" tests were meant to demonstrate the maximum acoustical effects, the results obtained do not necessarily represent the absolute minimum and maximum effects possible. be other insulation and reflector configurations, respectively, which could extend the limits observed. It is believed, however, because of the many and varied configurations tested, that the results presented here represent nearly minimum and maximum acoustic effects f o r the particular nozzle and flow conditions tested.
There certainly must Each test of the "No Insulation" and the "Insulation" s e r i e s was made with nozzle stagnation pressures of either 1, 2, 3, o r 4 atmospheres gauge. Figure 7 shows the results of the impact pressure measurements made along the jet axis while Fig. 8 of the 1/2 in. converging nozzle at a nozzle stagnation pressure of 3 atmospheres gauge We' = 1457 ft/sec and De' = 0.556 in.). Curve I resulted from "Insulation'! tests while Curve I1 resulted from "No Insulation" tests. A t any given value of X/De' between 15 and 47 the velocity is much lower when strong acoustic feedback occurs than it is when acoustic feedback is minimized. In these tests, made a t a nozzle stagnation pressure of 3 atmospheres gauge, measurements within the jet were made only in the subsonic portions of the jet.
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In order that these results may be compared with typical jet decay measurements, Fig. 9 includes two reference curves. Curve I11 is computed by an empirical equation presented by Keagy and Weller7, which is:
This equation is based on numerous tests of submerged subsonic jets in which the density of the gas in the jet was the same as that of the surrounding gas. 8 flow conditions are also presented by Abramovich in h i s Fig. 7 . 37 in the form of a semi-empirical curve. Abramovich also presents test data which confirms, reasonably well, his semi-empirical curve.
Essentially identical results for these
In the present experiments the nozzle stagnation temperature was equal to the ambient air exit was therefore less than ambient. In the tests with the nozzle stagnation pressure at 3 atmospheres gauge, the ideal exit temperature (Te', computed f o r complete expansion) was 353OR. ratio of ideal exit temperature to the ambient air temperature was therefore:
Te'/T, = 353/530 = 0.67
The ratio of ideal exit density to ambient air density was the inverse of 0. G I . 
The
The density of a jet relative to the density of i t s surroundings has a significant effect on t h e rate of jet decay. In particular, the greater the ratio of jet density to ambient density the l e s s rapid will he the jet decay. Abramovich presents semiempirical curves for a range of density ratios in h i s Fig. 7 .37. These curves of Abramovich were used t o compute Curve N of Fig. 9 using a temperature ratio of 0.67. density is evident from a comparison of Curve N (the greater density) with Curve In.
The effect of increased jet Abramovich also presents semi-empirical relations which are applicable to jets which are initially supersonic; the relations are not limited to the supersonic portions of the jet. These relations are developed for the limited case where the stagnation temperature of the jet at the nozzle exit -' is the same as the temperature of the gas s u rrounding the jet. Since this condition is met in the present tests, Abramovich's relations should be applicable. However, application of Abramovich's supersonic relations to the present case results in a curve which is essentially the s a m e as Curve IV of Fig. 9 , so an additional reference curve was not drawn on Fig. 9 . Abramovich also presents test data for a jet having an initial Mach number of 1.5 , which agrees reasonably well with Curve N of Fig. 9 .
It is clear from the above discussion that there is empirical justification for considering Curve IV of Fig. 9 representative of the velocity decay curve which might be expected under the test conditions of Curves I and I1 of Fig. 9 . Obviously neither Curve I nor Curve I1 agree with Curve IV.
The rate a t which a jet decays is indicated by the rate of jet spread as well as by the rate of velocity decrease along the jet axis. A series of tests were therefore made in which the stagnation temperature and pressure were measured along diameters through the jet. These traverses were made at axial positions 10, 15, 20, and 25 in. \ and the typical dimensionless velocity profile curve.
In Fig, 13 the jet radius and the half-velocity radius are plotted vs. downstream distance f o r the "Insulation" and the "No Insulation" cases at nozzle stagnation pressures of 3 atmospheres gauge.
the jet with no insulation separating the jet from the reflecting surfaces spreads much more rapidly than does the jet in the "Insulation" case. At X = 10 in. for example, the jet diameter in the "No Insulation" case is almost twicc the jet diameter of the "Insulation" case. Insulation" tests appears to depart appreciably from the typical profile, since the jet in this case has apparently mixed more rapidly, and in effect has had longer to become a well established subsonic turbulent jet. Many of the dimensionless velocity profile plots of test data by other investigators also demonstrate a rather wide scatter of data points near the jet boundary. In view of this it seems unwise to attempt to draw any conclusions from the discrepancy between these test results Distance from Nozzle Exit.
The literature on turbulent jets (e.g., Abramovich8) frequently refers to the fact that the downstream o r "main" p a r t of the jet usually spreads at a constalk angle (excluding such cases as ext r e m e density differences). It is evident from Further tests will be needed to establish in greater detail the nature and the extent of these acoustic feedback effects. 
Conclusions
Sound waves generated by a supersonic jet under certain conditions can significantly increase the rate of jet spread and decay. These sound waves a r e of particular frequencies, or ranges of frequency, for a given jet, and are apparently the same sound waves which cause "Jet Screech".
Velocities on the jet axis at downstream positions (e. g . , 15 jet diameters) can be reduced by almost 50% and the rate of jet spread increased by nearly 50% by this acoustic feedback.
Although the general pattern of turbulent jet mixing under the effects of acoustic feedback is apparently in accordance with classical theories regarding turbulent jet mixing, the exchange coefficients appear to be higher than the literature usually indicates. In many applications it would he necessary to consider the acoustic feedback effects before selecting the values of the exchange coefficients to he used.
It appears that the destructive sound waves are produced in the supersonic part of the jet at some distance from the nozzle, travel upstream in the ambient air, and then act upon the initial portions of the jet. A sound absorbing material surrounding the jet (placed just downstream of the nozzle in such a way as to intercept the sound waves in the ambient air) can considerably reduce if not eliminate the effects of acoustic feedback. Disturbing the shock cell structure or making all shocks very weak may also reduce the effects of acoustic feedback.
